Acyl-homoserine lactone-mediated quorum sensing (QS) regulates diverse activities in many species of Proteobacteria. QS-controlled genes commonly code for production of secreted or excreted public goods. The acyl-homoserine lactones are synthesized by members of the LuxI signal synthase family and are detected by cognate members of the LuxR family of transcriptional regulators. QS affords a means of population density-dependent gene regulation. Control of public goods via QS provides a fitness benefit. Another potential role for QS is to anticipate overcrowding. As population density increases and stationary phase approaches, QS might induce functions important for existence in stationary phase. Here we provide evidence that in three related species of the genus Burkholderia QS allows individuals to anticipate and survive stationary-phase stress. Survival requires QS-dependent activation of cellular enzymes required for production of excreted oxalate, which serves to counteract ammonia-mediated alkaline toxicity during stationary phase. Our findings provide an example of QS serving as a means to anticipate stationary phase or life at the carrying capacity of a population by activating the expression of cytoplasmic enzymes, altering cellular metabolism, and producing a shared resource or public good, oxalate.
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Burkholderia carrying capacity | glumae | pseudomallei | thailandensis | cell death A cyl-homoserine lactone (AHL)-mediated quorum sensing (QS) regulates diverse activities, including bioluminescence, biofilm formation, motility, and virulence factor formation, in many Proteobacteria (1-3). AHLs are synthesized most typically by members of the LuxI family signal synthases and detected by members of the LuxR family of transcriptional regulators (1) (2) (3) . A large body of work has characterized the molecular mechanisms of bacterial QS; demonstrating the population-wide benefits that drive QS-mediated cooperative behavior has proven difficult, however. Cooperative activities benefit individuals within a group (4, 5) .
QS-controlled genes commonly code for the production of extracellular public goods that can be shared by all members of the group regardless of which members produce them. These extracellular products are often important for nutrient acquisition, interspecies competition, or virulence (6) (7) (8) . In Pseudomonas aeruginosa, QS control of secreted proteases provides fitness benefits, because the proteases are produced only when they can be used efficiently (9) . Other potential roles of QS in bacteria have been proposed, including the hypothesis that QS enables bacteria to anticipate population carrying capacity in a given environment. Anticipation of stationary phase might allow individuals to modify their physiology in preparation for survival at population carrying capacity.
Here we address the question of whether QS is involved in anticipation of stationary-phase stress in three closely related bacteria: the rice pathogen Burkholderia glumae, the opportunistic human pathogen Burkholderia pseudomallei, and the nonpathogenic saprophyte Burkholderia thailandensis. Each species contains a conserved N-octanoyl homoserine lactone (C8-HSL) signaling system. In B. glumae, TofI-R regulates toxoflavin production, motility, protein secretion, and QsmR, an isocitrate lyase regulatortype transcriptional regulator (10) (11) (12) . Less is known about gene control by C8-HSL in B. thailandensis via BtaI-R and B. pseudomallei via BpsI-R (13) (14) (15) . In the present study, we found that QS induces cellular enzymes for production of oxalate (HOOC-COOH), which is excreted into the culture medium and likely shared by other members of the population, and as such is a public good. The oxalate protects stationary-phase cells from selfintoxication and killing as a result of ammonia production.
Results

QS Is
Essential for Stationary-Phase Survival of Burkholderia. We assessed the role of QS during stationary phase in nutrient-rich LB broth using WT and C8-HSL-QS signal synthesis mutants of B. glumae, B. pseudomallei, and B. thailandensis. Exponential growth of each QS mutant was comparable to that of its isogenic WT strain; however, whereas the WT strain survived long periods in stationary phase, the QS mutants showed massive and rapid population crashes commencing shortly after the onset of stationary phase (Fig. 1A) . Mutant population crashes were averted by adding C8-HSL to the growth media (Fig. 1A) , indicating that QS is involved in stationary-phase survival in these three bacterial species.
Massive Population Crashes Are Related to Medium Alkalization in Stationary Phase. To determine the cause of the observed population crashes, we monitored the pH of the culture fluids during growth. The pH of both the WT and QS mutants of B. glumae, B. pseudomallei, and B. thailandensis was approximately 7 early in growth and rose to between 7.5 and 8 as cultures entered stationary phase (Fig. 1B) . During continued stationary-phase growth, the pH of WT cultures fell to 7 or lower, whereas the pH of the QS mutant cultures rose above 8. The pH increase in the QS mutants was correlated with a drop in cell viability (Fig. 1) .
To test whether cell death was caused by base toxicity, we added 100 mM Hepes (pH 7) to the growth medium. We found that addition of this strong buffer to the growth medium spared the QS mutants from death in stationary phase (Fig. S1) . We adjusted the pH of the culture medium with sodium hydroxide and monitored cell growth to determine the sensitivity of B. glumae and B. thailandensis to alkaline conditions. We found that the WT bacteria survived at pH 8, but not at pH 9 (Fig. S2) . These data support the view that culture medium alkalization is the cause of QS mutant cell death.
It is well documented that alkalization in other bacteria occurs due to ammonia production as a result of amino acid catabolism in complex media, such as LB broth (16, 17) . Thus, we monitored ammonia production in the WT and C8-HSL-QS signal synthesis mutants of B. glumae, B. pseudomallei, and B. thailandensis grown in LB broth. We found that ammonia was produced continuously by both WT and QS mutants (Fig. 2A) ; however, the ammonia production of QS mutants seemed to decrease at 12 h after incubation in LB, but not after incubation in buffered LB (Figs. 2A and 3A). The decrease in ammonia production corresponded to the growth defect of the mutants (Fig. 1A) . Thus, the QS-dependent shift in metabolism that limits alkalization is not a shift away from ammonia production. Instead, we posit that QS controls metabolism such that pH changes are constrained.
QS-Dependent Oxalate Production Counteracts Base Toxicity. To identify the QS-controlled process or processes involved in countering ammonia-induced alkalization, we performed an RNAseq transcriptome comparison of WT B. glumae and its QS mutant strain, and drew on published B. glumae proteomics data (12) . The QS-activated genes identified included those encoding the enzymes ObcA and ObcB (Table S1 ). obcA and obcB compose a two-gene operon and are responsible for oxalate synthesis (18) (Fig. 4 A and B) . Oxalate is an acidic molecule found in multiple domains of life. Its physiological role in bacteria has been largely uncharacterized, and it has been predicted to exist primarily as a metabolic end product. We hypothesized that the acidity of oxalate might counter base intoxication in these species. Consequently, we measured oxalate levels in WT and QS mutant cultures of B. glumae, B. pseudomallei, and B. thailandensis. The WT of each species produced oxalate in amounts presumably sufficient to neutralize the accumulated ammonia, whereas the QS mutants produced very little oxalate (Fig. 2B ). This indicates that QS is required for production of a neutralizing agent, oxalate, in WT bacteria to avoid alkaline toxicity. Alkaline conditions were not required for oxalate synthesis, however (Fig. 3B) .
Because ObcA and ObcB are required for the production of oxalate in B. glumae (18, 19) , we hypothesized that obcA and obcB mutants also would be subject to ammonia-induced base toxicity in stationary phase. As expected, both obcA and obcB mutants showed massive population crashes corresponding to increased pH in stationary phase (Fig. 4C) . In B. thailandensis and B. pseudomallei, a single Obc homolog, Obc1, is predicted to be responsible for oxalate biosynthesis (20) . The N terminus of Obc1 shares 54% amino acid identity with full-length ObcA, whereas the C terminus of Obc1 has no similarity with ObcA or ObcB (Fig. S3) WT and an obc1 mutant of B. thailandensis and found that the latter did not produce oxalate, confirming that Obc1 is responsible for oxalate biosynthesis in B. thailandensis (Fig. 4D) . Consistent with the hypothesis that oxalate is required for stationaryphase survival, the obc1 mutant of B. thailandensis exhibited alkalization and a massive population crash in stationary phase (Fig. 4E) .
Regulation of obc Genes by QsmR. Because our results show that oxalate production in B. glumae, B. pseudomallei, and B. thailandensis requires a functional C8-HSL QS system, we asked whether the obc operon was directly or indirectly activated by QS. Insight came from our transcriptomics analysis of B. glumae, which showed that both a functional C8-HSL QS system and the QsmR regulator are required for activation of obcA and obcB (Table S1 ). These data indicate that the obc genes belong to the QsmR regulon, which is activated by QS. To further confirm this hypothesis, we measured expression levels of obcA and obcB from a chromosomal obcAB-gusA transcriptional fusion in B. glumae. We found that QsmR activates obcA and obcB expression and interacts directly with the obcA-B promoter (Fig. 5) .
B. glumae and B. thailandensis QsmR Mutants Behave Like QS Mutants.
Given our finding of similar low levels of obcAB expression in the B. glumae qsmR and QS mutants, we reasoned that qsmR mutants might fail to accumulate oxalate and experience stationary-phase death, as do QS mutants. Thus, we tested cell viability of B. glumae and B. thailandensis qsmR mutants grown in LB broth, and found a stationary-phase survival defect in these mutants (Fig. 1) . The qsmR mutant population crashes were correlated with rising pH and a lack of oxalate production ( Figs. 1 and 2 ). Therefore, we believe that C8-HSL QS controls a battery of genes, including qsmR, and that it is the qsmR product that directly activates genes for oxalate synthesis.
Discussion
There has been recent debate about the selective forces that led to the evolution of AHL QS. One idea is that QS control of public goods provides an advantage to cooperating individuals (21) (22) (23) (24) . We believe we have uncovered another particularly interesting role for AHL QS in B. glumae, B. pseudomallei, and B. thailandensis. The enormous population crashes of QS mutants in stationary phase represent a case in which QS serves to anticipate crowding before the cells experience loss of viability.
Our findings suggest that bacteria use QS to determine the population density to anticipate carrying capacity to avoid population collapse. Specifically, the three species of Burkholderia that we studied sense increasing population densities by QS and alter their metabolism; thus, the group is protected from high concentrations of ammonia, a toxic end product of energy metabolism. The metabolic rewiring induced by QS leads to excretion of oxalate, a public good that provides protection from base toxicity to the group.
Ammonia (mM)
Oxalate (mM) When bacteria use amino acids as a carbon source, deamination results in ammonia release, which can result in alkalization (16, 17) . For many bacterial species, ammonia accumulation is not a direct cause of population crashes in stationary phase, because pH homeostasis mechanisms allow cells to survive the alkaline conditions. However, we found that alkaline pH is toxic to WT strains of B. glumae and B. thailandensis, and that these species and B. pseudomallei use C8-HSL QS to limit environmental alkalization. QS induces a change in metabolism such that cells excrete copious amounts of oxalate. In a sense, oxalate is an ideal organic acid for neutralizing ammonia because of its dianionic nature. Therefore, QS control of cellular metabolism serves an anticipatory function and involves the production of an excreted public good, oxalate.
It has been reported that QS controls carbon flux in some bacteria, which results in the maintenance of neutral pH during culture (6, 25) . We believe, however, that QS control of oxalate in these Burkholderia species represents a unique mechanism of anticipatory pH control. Notably, QS-controlled oxalate accumulation begins in late exponential phase, long before the toxic effects of ammonia-induced alkalinization lead to reduced cell viability. Moreover, oxalate likely is not an excreted product imported later and used for carbon and energy, given that it cannot serve as a carbon source for B. thailandensis or B. glumae.
The fact that oxalate is produced at neutral pH suggests that anticipatory production of oxalate by QS-dependent mechanisms is neither dependent on alkaline pH nor operated by a simple pH-dependent regulatory mechanism. Where might B. glumae, B. pseudomallei, and B. thailandensis encounter alkaline pH in natural habitats? It is plausible that B. glumae experiences high pH in the plant apoplast owing to active defense responses to infection in plants. Apoplasts contain sugars and organic acids rather than amino acids (26); however, under apoplastic conditions, plants alkalize the infection site as a defense mechanism (27) . In this scenario, it is conceivable that QS-dependent oxalate production can contribute to the fitness of B. glumae by preventing plant-mediated alkalization in plant apoplasts during infection. Oxalate production also has been linked to pathogenic B. glumae isolates. A survey of 200 isolates from Japan found that all 180 virulent species produced oxalate, whereas the 20 avirulent isolates did not (19) . Avoiding alkalization is also important because AHLs are degraded above pH 8.0 (28, 29) ; thus, anticipatory production of oxalate in a QSdependent manner might be one way of protecting AHL signals in alkaline conditions. B. pseudomallei might experience amino acid-rich environments in mammals during infection, and all of these species exist in soil, where pH can vary.
Much of the literature on biological oxalate synthesis focuses on the formation of oxalate crystals that cause kidney stones in humans and crystal formation in plants (30) (31) (32) . Oxalate production by certain plant pathogenic fungi is important for virulence (33, 34) . Oxalate traditionally has been considered a metabolic end product, but in the Burkholderia species that we studied, oxalate clearly serves to protect against base toxicity. This finding is consistent with a previous report indicating that growth inhibition of B. pseudomallei is due to ammonium toxicity after spontaneous loss of oxalate production (35) .
In B. glumae, both ObcA and ObcB synthesize oxalate from acetyl-CoA and oxaloacetate derived from the tricarboxylic acid cycle (18, 19) . In bacteria, oxalate synthesis more commonly occurs through a separate pathway involving glyoxylate as an intermediate (36, 37) ; however, we found no evidence of this pathway in any of the three Burkholderia species that we studied. We show that Obc1 is responsible for oxalate synthesis in B. thailandensis. It is very likely that the B. pseudomallei Obc1 is also responsible for oxalate biosynthesis, given that it shares 95% amino acid identity with the Obc1 protein of B. thailandensis. In support of conserved functionality among the Obc enzymes, the B. mallei obc1 gene can complement a B. glumae obcA mutation (20) . Therefore, oxalate synthesis in B. glumae, B. thailandensis, and B. pseudomallei seems to share a biochemical pathway, in that oxalate is made in the branched tricarboxylic acid cycle in a QS-dependent manner.
The results of the present study show that QS can function to allow anticipation of overcrowding and promote bacterial survival at maximum population carrying capacity, and provide insight into how QS bacteria have evolved to control both public and private goods. It can be imagined that QS evolved in a common ancestor of B. glumae, B. thailandensis, and B. pseudomallei to anticipate the onset of stationary phase and prepare cells to survive in this crowded environment. Survival involves induction of cellular functions that are required for production of oxalate, an excreted public good. This is one solution to a problem encountered by bacteria that use amino acids for energy-an end product of amino acid metabolism is ammonia, and ammonia production leads to increasing pH in a local environment.
Materials and Methods
Bacterial Strains and Growth Conditions. The bacterial strains and plasmids used are listed in Table S2 . Strains of B. glumae and B. thailandensis were grown in LB broth (0.1% tryptone, 0.5% yeast extract, and 0.5% NaCl; USB Products) or in LB broth buffered with 100 mM Hepes (pH 7.0) at 37°C. Strains of B. pseudomallei Bp82 and CM135 were grown in LB broth with 1.2 mM adenine sulfate and 0.005% thiamine hydrochloride and on unsupplemented LB agar. C8-HSL was supplemented to a final concentration of 1 μM or 4 μM at the beginning of each growth experiment, as indicated.
Ammonia and Oxalate Measurements. A gas-sensing ammonia ion-selective electrode (Thermo Scientific) was used to detect the gas phase of ammonia after addition of the alkaline reagent to the culture medium. Oxalate was measured using an oxalate assay kit (Libios) in accordance with the manufacturer's instructions (38) . In brief, oxalate was converted to carbon dioxide and hydrogen peroxide by oxalate oxidase, and hydrogen peroxide was measured by reaction with 3-(dimethylamino) benzoic acid to form a blue-colored compound and catalyzed by peroxidase, and the absorbance at 590 nm was measured.
Electrophoretic Mobility Shift Assays. QsmR-His was purified as described previously (11) . The 216-bp upstream region of obcAB was PCR-amplified using pobc-F (5′-GAACGGCCCTCTCTC TATGG-3′) and pobcR1 (5′-ACAT-TCGGCGACTTATTTCCC-3′) primers. The PCR product was labeled with biotin using a Pierce Lightshift Chemiluminescent Electrophoretic Mobility Shift Assay Kit, in accordance with the manufacturer's instructions. For nonspecific competitor DNA, the 242-bp upstream region of katE was amplified as described previously (11 Oxalate (mM) 12 24 Time ( Oxalate (mM) 
